Functionalization of thin-film heterostructures on the basis of their electrical, optical and magnetic properties, requires precise control of the film stresses that develop during the growth process. By using real-time in situ stress measurements, the present study reveals strikingly that the in-plane film stress oscillates with increasing film thickness at the initial stage of epitaxial Al(111) film growth on a Sið111Þ-ffiffiffi 3 p Â ffiffiffi 3 p -Al surface, with a periodicity of 2 times the Fermi wavelength of bulk Al and a stress variation from maximum to minimum as large as 100 MPa. Such macroscopic stress oscillations are shown to be caused by quantum confinement of the free electrons in the ultrathin epitaxial metal film. The amplitude, period, and phase of the observed stress oscillations are consistent with predictions based on the free electron model and continuum elasticity. Epitaxial growth enables the construction of heterostructures of different materials, such as metals, semiconductors and ceramics, with atomic precision [1, 2] . Such heterostructures have been the origin of a number of fascinating discoveries in fundamental science (such as the quantum Hall effect in semiconductor heterostructures and the giant magnetoresistance effect in metal heterostructures), and are nowadays widely applied in human life [3, 4] . It has long been recognized that a considerable strain/stress can build up during epitaxial growth of heterostructures, as induced by lattice mismatch [5] . The magnitude of the associated growth stress is determined by the difference in the equilibrium lattice spacings of the film and the substrate. Upon increasing the film thickness, the growth stress may partially relax by the formation of misfit dislocations at the heterointerface [6] , or by morphological transitions [7, 8] . A fundamental understanding of the mechanisms for the generation and relaxation of epitaxial stresses is of vital importance for the controlled reduction of stress-induced defects such as dislocations in heterostructure devices. Furthermore, on this basis a well-controllable strain or stress state can also be induced on purpose to tailor the electronic and optical properties of epitaxial heterostructures [9, 10] .
Epitaxial growth enables the construction of heterostructures of different materials, such as metals, semiconductors and ceramics, with atomic precision [1, 2] . Such heterostructures have been the origin of a number of fascinating discoveries in fundamental science (such as the quantum Hall effect in semiconductor heterostructures and the giant magnetoresistance effect in metal heterostructures), and are nowadays widely applied in human life [3, 4] . It has long been recognized that a considerable strain/stress can build up during epitaxial growth of heterostructures, as induced by lattice mismatch [5] . The magnitude of the associated growth stress is determined by the difference in the equilibrium lattice spacings of the film and the substrate. Upon increasing the film thickness, the growth stress may partially relax by the formation of misfit dislocations at the heterointerface [6] , or by morphological transitions [7, 8] . A fundamental understanding of the mechanisms for the generation and relaxation of epitaxial stresses is of vital importance for the controlled reduction of stress-induced defects such as dislocations in heterostructure devices. Furthermore, on this basis a well-controllable strain or stress state can also be induced on purpose to tailor the electronic and optical properties of epitaxial heterostructures [9, 10] .
In this work it is shown that, surprisingly, the in-plane film stress at the initial stage of (epitaxial) metal film growth oscillates with increasing film thickness, with an amplitude as large as hundreds of MPa. Such macroscopic stress oscillations are shown to be driven by the quantum confinement of electrons in the (epitaxial) metal films. This quantum-confinement stress contribution, which has hitherto not been recognized, can play a crucial role in state-of-the-art quantum devices, which, in particular, rely on ultrathin heterostructures. The here discovered direct link between quantum confinement and a macroscopic mechanical property (residual stress) may, in particular, enable the design of novel-concept quantum sensors using mechanical responses.
The experiments were carried out in a multichamber ultrahigh vacuum (UHV) system (base pressure <1 Â 10 À8 Pa) for thin-film deposition by thermal evaporation and in-vacuo scanning tunneling microscopy (STM). A Sið111Þ-ffiffiffi 3 p Â ffiffiffi 3 p -Al surface was prepared by thermal evaporation of 0.19 monolayer (ML) Al [in this study 1 ML refers to the atomic density of the Al(111) plane at room temperature, i.e. 1 ML ¼ 2:338 # A] at a constant substrate temperature of 700 C onto a 100-m thin Si(111) wafer. The Si substrate, which was loosely mounted in the sample holder, had been thoroughly cleaned by a programmed laser heat treatment up to a maximum temperature of 1100 C for 1 min in UHV. On the thus prepared surface subsequent Al deposition was performed at room temperature. Initially additional 3.7 MLs Al were deposited with a deposition rate of 0:29 ML= min before resuming the Al film growth with a deposition rate of 4:5 AE 0:1 ML= min until a film thickness of 70 nm. The deposition rates employed were calibrated from STM images and by application of a Veeco DekTak profilometer by determing the height of the deposited Al film for a number of deposition times. For a face-centered cubic film with (111) surface orientation the in-plane stress is rotationally symmetric [11] . Stoney's equation [12] was applied to determine the evolution of the thicknessaveraged in-plane film stress during deposition from the in situ measured substrate curvature as monitored in real time by a multioptical stress sensor (MOS; k-space Associates) [13] . The error of the product of thicknessaveraged in-plane stress and film thickness is AE0:017 GPa Á nm. The film morphology at various stages [14] Fig. S1 a-c; cf. Ref. [15, 16] ). Upon further Al deposition, epitaxial Al film growth proceeds in a step-flow mode (see supplemental material [14] Fig. S1 d-h; cf. Refs. [16, 17] ), resulting in the formation of a single crystalline Al(111) film with an orientation relationship with the substrate described by Alð111Þ k Sið111Þ and Alð110Þ k Sið110Þ (see supplemental material [14] Fig. S2 ). The Al=Si interface is atomically sharp (see supplemental material [14] Fig. S3 ).
The measured evolution of the average in-plane film stress during epitaxial Al(111) film growth in a thickness range between 5 and 30 ML is shown in Fig. 1(a) . The observed average in-plane film stress is compressive and oscillates between À225 and À125 MPa during continued epitaxial Al film growth. The amplitude of the stress oscillation becomes attenuated with increasing film thickness. The periodicity of the stress oscillation is about 7.2 Å (3.1 ML), i.e., rather accurately 2 times the bulk Fermi wavelength of Al (2 Â 3:6 # A). The observed step-flow type of growth of the Al film (see above) excludes any morphology effect [18] as the origin of the observed pronounced stress oscillations. As demonstrated in the following, the observed in-plane stress oscillation can be caused by the periodic expansion or contraction of the film, upon overall increasing film thickness, in the direction perpendicular to the film surface, which effect is ascribed to the quantum size effect (QSE) [19, 20] : The spatial confinement of electrons in thin metal films results in oscillations of the free electron energy as function of film thickness, with corresponding energy minima occurring at half Fermi wavelength ( F ) intervals [21] . Therefore the electron energy favors films with thicknesses separated by an integer number of F =2 and forces thin films with thicknesses of different value to expand or contract perpendicular to the surface. This expansion or contraction is constrained because it is associated with the development of elastic strain energy. As a result of the minimization of the sum of electron energy and strain energy, for a free standing film a geometry emerges with a favored thickness and consequently also preferred lateral dimensions (elastic deformation in the in-plane directions). However, because the lateral dimensions of a thin film attached on a rigid substrate are constrained by the (rigid) substrate, in that case the preferred lateral dimensions cannot be realized and consequently stress components are induced in the plane of the film. The alternation of expansion and contraction of the film thickness upon film growth thus leads to oscillating stress components in the plane of the film. The recipe to calculate the stress component induced by the quantum confinement of the electrons is introduced next.
For a given integer number n of atomic layers film thickness, the instantaneous occurring, equilibrium film thickness, h eq;n , is determined by the minimum of the sum of the strain energy per unit film-surface area, E strain ðhÞ, and the excess free electron energy per unit film-surface area due to quantum confinement of the free electrons,E QSE ðhÞ.
E QSE ðhÞ as function of film thickness h can in principle be calculated using the free electron model for a freestanding unstrained Al(111) film with symmetric, infinite energy barriers under the constraint of charge-neutrality requirement (i.e., the negative charge outside the geometrical surfaces equals the electronic charge missing inside the geometrical surfaces; see Ref. [19] and references therein) according to
where E film is the film energy per unit area, E bulk is the energy per unit volume of the corresponding bulk material 
Using the methodology of Ref. [21] , actually E QSE is calculated as function of h, i.e., not for a fixed number of monolayers but for a continuously thickening film (by adding atoms/electrons). The result is shown by the green, dotted curve in Fig. 2(a) . Evidently, the calculated E QSE as a function of thickness h resembles a damped sinus function with a periodicity of F =2. It is supposed that this curve around the thickness values corresponding to integral numbers of monolayers provides a realistic estimation for the variations of E QSE as function of h for films composed of such integer numbers of monolayers [solid green curves in Fig. 2(a) ].
In the absence of a state of stress, a uniform, thin Al(111) film has a thickness h 0 ¼ nd represents the bulk Al(111) interlayer spacing. For the film strained in in-plane and out-of-plane directions (see above discussion), the associated strain energy is given by
where C ijkl is the fourth-rank stiffness tensor as defined in the specimen coordinate system and ij is the strain tensor in the specimen coordinate system. The strain components in this equation are defined with respect to bulk material not subjected to quantum confinement and (lateral) constraints. For an Al(111) film all shear components of the strain tensors, iÞj , are zero and the out-of-plane strain component, 33 , is determined by
Alð111Þ Þ=ðnd 1 Alð111Þ Þ:
In the absence of other source of strain, 11 ¼ 22 ¼ 0. Using the values of ij as indicated, E strain can be calculated as function of h for a film of an integer number of atomic layers; see the red curves in Fig. 2(a) . The summations of the individual curves of E QSE ðhÞ and E strain ðhÞ are given by the black curves in Fig. 2(a) . The minima of these curves then predict the actual, equilibrium thicknesses, h eq;n , for films of given integer numbers of atomic layers. The arrows in the figure schematically indicate the thickness changes of the films with respect to the h 0 (see above) values. Using the thus determined values of h eq;n , 33 ðh eq;n Þ can be calculated from Eq. (3). Next, the (rotationally symmetric) in-plane stress components
The resulting values of k are shown in Fig. 2(b) for increasing film thickness by data points at h eq;n . The calculation indeed predicts a damped stress oscillation pattern with overall increasing film thickness. The amplitude of the stress oscillations attenuates with increasing thickness as a consequence of the decrease of the quantum size effect with increasing film thickness. The resulting periodicity of the stress oscillation pattern is a consequence of the interaction of the d 1 Alð111Þ periodic minima in E strain ðhÞ and the F =2 periodic minima in E QSE ðhÞ. For a Al(111) film the ratio of F =2 and d 1 Alð111Þ is % 4:3, which results in a stress oscillation pattern with a periodicity of % 2 F ¼ 7:2 # A (3.1 ML), as experimentally observed.
In order to allow comparison of such a prediction of k oscillation with experimental results, some practical complications have to be taken into account: (i) At (large) thickness values, where the quantum size effect can be ignored, the observed in-plane strain is not equal to zero. For the epitaxial Al film in this study, this in-plane growth strain, k ¼ 11 ¼ 22 , equals À0:0016, as observed at film thicknesses beyond 30 ML [cf. Fig. 1(a) ]. Therefore, in the above sketched calculations, k ¼ 0 has to be substituted by k ¼ 11 ¼ 22 ¼ À0:0016. As a result of the accordingly repeated calculation (now using a corresponding modified Eq. (4): k ¼ 11 ¼ 22 ¼ C 1111 11 þ C 1122 22 þ C 1133 33 ) the overall stress level in the film changes such that the in-plane stress component oscillates around a value of % À220 MPa, instead of around k ¼ 0 [see Fig. 1(b) and compare with Fig. 2(b) ]. (ii) The   FIG. 2 (color online). (a) The excess electron energy per unit film-surface area due to the quantum confinement of electrons as a function of film thickness (green curve) and the strain energy per unit film-surface area for an uniform film of integer number of atomic layers as function of film thickness (red curves). The minima of the sum curves (black curves ¼ green curve þ red curves) determine the instantaneous occurring equilibrium film thickness values for films of integer numbers of atomic layers. The arrows schematically indicate the thickness changes of the films (of integer number of atomic layers) with respect to their h 0 values. (b) The calculated in-plane stress, k , oscillates between tensile and compressive states with overall increasing film thickness.
''phase'' of the stress oscillation pattern strongly depends on the phase of E QSE ðhÞ. Although the periodicity of the oscillation pattern of E QSE ðhÞ is independent of the used (free) electron model [21, 22] , the phase of the oscillation pattern of E QSE ðhÞ distinctly depends on the heights of energy barriers at the substrate/film and film/vacuum interfaces as well as on the lattice potential. Therefore, the present calculation, which is based on the free electron model for a free standing film with equal energy barriers at both film faces, cannot predict exactly the phase of the oscillation pattern of E QSE ðhÞ [22] . By incorporating a phase (lateral) shift of À0:63 # A (0.27 ML) in E QSE ðhÞ and then repeating the above sketched calculations, the maxima and minima of the calculated stress oscillation pattern become in perfect agreement with the experimental result [cf. Figs. 1(a) and 1(c) ]. (iii) It is recognized that the epitaxially growing Al(111) film exhibits a thickness distribution (see Fig. 3 ). To consider the effect of the thickness distribution on the average in-plane stress, (a) the percentages of the total film-surface area covered by a film of n atomic layers, p n , as determined from the STM image at a nominal film thickness of 10 nm, are described by a Gaussian distribution, and (b) it is assumed that the thickness distribution is independent of film thickness (i.e., at all mean film thicknesses the same Gaussian distribution prevails). Then the average in-plane stress h k i at mean film thickness hhi ¼ P 1 n¼1 p n h eq;n is given by
The thus calculated curve of average in-plane stress, h k i [i.e., incorporating the effects discussed under (i), (ii), and (iii) above], as function of epitaxial Al(111) film thickness is shown in Fig. 1(d) [note that, because of the effect (iii), this curve now is continuous]. The calculated curve agrees excellently with the measured curve for the average inplane film stress in terms of the periodicity and the damping behavior [cf. Figs. 1(a) and 1(d) ]. The amplitude of the measured stress oscillation is smaller than that of the calculated stress oscillation. This difference can be caused by (1) a broader thickness distribution during film growth as compared to the thickness distribution measured after film growth by STM, and/or (2) elastic constants of ultrathin films which differ from their bulk counterparts [23, 24] .
In conclusion, macroscopic stress oscillations as large as 100 MPa are observed during the initial stage of epitaxial Al(111) film growth on a Sið111Þ-ffiffiffi 3 p Â ffiffiffi 3 p -Al surface. The stress oscillations are induced by the quantum confinement of electrons in the thin epitaxial metal film. The amplitude, period and phase of the observed macroscopic stress oscillations are consistent with predictions based on the free electron model and continuum elasticity. The here discovered direct link between quantum confinement and macroscopic film stress can play a crucial role for the design of novel-concept functional ultrathin heterostructures.
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